the Colombian Orinoco basin. One field study and two laboratory/incubation studies were 1 performed in a natural herbaceous savanna and a Brachiaria decumbens and Pueraria 2 phaseoloides pasture. In the laboratory, experiment pots were prepared containing soil 3 collected from the respective field paddock's topsoil. Total P content was higher in 4 earthworm casts than in the surrounding soil in field samples, 50% in native savanna soil and 5 more than 100% in pasture soil. In casts produced under laboratory conditions this increase 6 was relatively low (10-20%) . Under field conditions, almost without exception, all P 7 fractions were increased in casts relative to the original soil (corresponding to the increase in 8 total P content), being relatively greater in the labile inorganic P fractions. In addition, 9 samples from the natural savanna showed that pH of casts was higher (5.2) than that of soil 10 (4.6) in both field and laboratory samples. Except in the native savanna under field 11 conditions, the phosphatase activity was reduced in casts by 16.7 to 44%. From our results 12 we conclude that earthworms in the field incorporate P from litter or other organic sources 13 (i.e. undecomposed plant and root material, earthworm faeces) which is not normally 14 measured in the analysis of bulk soil.
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At present there is increasing evidence that soil macroinvertebrates improve soil fertility due 20 to their role in soil organic matter transformations and nutrient dynamics at different spatial 21 and temporal scales, which may improve nutrient uptake by plants ( Lavelle, 1997) . A few of 22 these invertebrates have been defined as the "soil ecosystem engineers" (Stork and Eggleton, 23 1992; Jones et al., 1994; Lavelle, 1997) . By definition, ecosystem engineers are "those 24 organisms that directly or indirectly modulate the availability of resources to other species by 1 causing physical state changes in biotic or abiotic materials" (Jones et al., 1994) . This means 2 that they are capable of regulating the trophic (organic matter) and spatial distribution 3 (habitat availability) of resources in the soil through the production of physical bio-structures 4 (e.g. casts, galleries and nests). Soil invertebrates are major determinants of soil processes, 5 especially in tropical ecosystems (Lavelle, 2000) . 6 Earthworms belong to this functional group because through their burrowing activities, 7 mixing soil with litter and egesting casts inside the soil or at the soil surface, they affect the 8 physical properties of soils, nutrient cycling and plant dynamics (Lal, 1991; Thompson et al., 9 1993; Lavelle, 1997). To assess the contribution of these organisms to soil processes and 10 ecosystem function, it is necessary to describe the phenomena that occur in the casts (Martin 11 and ). Yet the impact on nutrient cycling has not been investigated in detail 12 in tropical anecic earthworms (Decaëns et al., 1999b), even though they produce a 13 substantial amount of casts in the soil surface. For example, some studies have revealed 14 higher contents of available phosphorous (P) (that can be taken up by plants) in earthworm 15 casts than in the control soil (Lunt and Jacobson, 1944; Nye, 1955; Lal, 1974;  16 Krishnamoorthy, 1990; Guggenberger et al., 1996) . Effects of earthworms on P are 17 especially interesting since part of the pool, which is normally adsorbed onto the soil solid 18 phase, may be desorbed after gut transit (López-Hernández et al., 1993; Brossard et al., 19 1996). These organisms have a marked impact on mineralisation of P  (Sharpley and Syers, 20 1976; James, 1991; López-Hernández et al., 1993; Chapuis and Brossard, 1995; Brossard et 21 al., 1996), and are able to increase its availability for plants in their casts. This process has 22 been widely documented for both tropical and temperate species (Sharpley and Syers, 1976;  23  Phosphorus mineralization is an enzymatic process and a group of phosphatases are involved in the catalysis and release of phosphate from organic P compounds to the soil solution (Mullen 1998 inorganic and organic pools in the soil. One strategy to increase the productivity and 13 sustainability of production in such agroecosystems is to increase P recovery from these less 14 accessible forms using crop and forage cultivars that are more efficient in acquiring P and 15 cycling it into pools more available to crops. In addition, the role of soil macroinvertebrates 16 in P cycling must be considered for their potential and availability of soil P for plant uptake, 17 since the activities of soil organisms may preserve nutrients in the biostructures they produce 18 and hence reduce the availability to plants in short temporal scales. 19 The potential of the Colombian savannas, an isohyperthermic ecosystem dominated by 20 Oxisols, for both crop and livestock production systems, is limited by the lack of available P 21 for primary production (Thomas et al., 1995). The difference in the size of these areas was due to the fact that outstanding differences 4 regarding earthworm numbers existed and therefore in the number of surface casts (Jiménez 5 et al., 1998a). In each land use system (paddock) the nine sampling areas were randomly 6 grouped in clusters containing three areas. The surface casts were sampled from each area 7 and included within each group, so that there were three replicates for each sampling date. Hence, a replicate was considered as the sum of casts collected from the three randomly 9 selected areas. 10 The surface casts that were already present in the sampling areas were removed the day 11 before the experiment started, and on the following day, fresh surface casts recently 12 deposited were identified, and displaced aside the earthworm gallery. Casts were tagged with 13 a plastic peg to identify the time of in situ incubation that corresponded to six different ages, 14 i.e. 1, 4, 8, 16, 32 and 64 days after they were egested in the soil surface. In order to ensure 15 enough cast material for a given incubation time, casts were picked up, placed in an ice chest 16 and carried to the laboratory. 70 g of fresh casts were collected approximately for each 17 group, of which 40 g were dried under forced draft in an oven at 40 C and 30 g were stored 18 in a refrigerator at 4 C prior to analysis as described below. 19 Control soil samples were taken in each paddock by splitting it into four areas where five 0- 20 15 cm soil cores were taken per area and mixed. Samples were further prepared for analyses 21 by crushing and sieving through a 2-mm mesh. Samples for microbial P determinations were 22 maintained fresh under refrigeration as mentioned above. and NaOH was measured after digestion with K 2 S 2 O 8 (Bowman, 1988). Total soil P was 13 determined by perchloric acid digestion (Olsen and Sommers, 1982). Controls and one day-14 old casts were fractionated according to the full method while a reduced method using the 15 first three extractants was applied to the remaining samples.
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Inorganic P removed by anion exchange resin comes either from solution or is desorbed 17 from the Al and Fe oxyhydroxide colloid surfaces in the soil (Mattlingly, 1975 Phosphorus in the microbial biomass and acid soil phosphatase activity were estimated on 9 moist samples using procedures described by Oberson et al. (1999) and Tabatabai (1982), 10 respectively. This procedure was used since air drying of cast and soil samples may cause 11 loss of inorganic P from microbial biomass and give erroneous results (Sparling et al., 1985; 12 James, 1991). 13 Total carbon and nitrogen were analyzed on previously 2 mm sieved subsamples. A LECO 14 CR-12 furnace with CO 2 infrared detection was used to determine total C, and the standard 15 Kjeldahl digestion to measure total N contents (Krom, 1980 (Table 2) , probably due to the manipulation of soil or because enzymes were partly 17 degraded during gut transit or because phosphates production was decreased due to higher 18 availability of P in casts. In field samples, phosphatase activity was higher in earthworm 19 casts than in soil in the native savanna system but lower in the intensive pasture, although 20 these differences were not significant the interaction of fixed main effects was significant 21 (ANOVA, F = 54.72; P<0.001***) ( Table 3 ). Microbial biomass P was significantly higher 22 in 1-day-old casts than in the corresponding control soil from the savanna and from the 23 pasture (Table 3) . Values of pH were significantly higher in earthworm casts than in the 1 control soil in both systems and for both field and laboratory produced samples. 2 Total P content was significantly higher in 1-day old earthworm casts than in control soil for 3 both laboratory incubated and field aged samples (Tables 2 and 3 ). Total P calculated from 4 the sum of P fractions did not differ significantly from that determined directly by perchloric 5 acid digestion for any particular treatment (not shown). In the laboratory experiments, casts 6 contained 10-20 mg-P kg -1 soil or 5-10% more total P than the soil from which they were 7 produced. Casts produced in the field had approximately 1.5 and 2 fold more P than the bulk 8 soil in the native savanna and the introduced pasture, respectively ( Table 2 ). Bray-II P and total C concentrations were significantly higher in 1-day-old casts than in the 10 corresponding control soil for field samples in both systems (Table 3) , while no significant 11 differences were observed for the laboratory samples (Table 2 ). The effect of M. carimaguensis on movement of P among soil P pools is considered in two 15 phases, the first being the immediate effect of transit through the earthworm's gut and the 16 second being the subsequent temporal changes in P concentration in pools as the deposited 17 cast is aged in situ in the field or incubated in the laboratory. 18 The immediate effects of casting on the concentration of P in soil P pools in the field and 19 laboratory are shown in Tables 4 and 5 , respectively. Under field conditions, almost without 20 exception P fractions were larger in casts than in the bulk soil (corresponding to the increase 21 in total P content). Increases ranged from 0% (HClhc-P o ) to 875% (Resin-P i ) in the egested 22 savanna soil and 46% (Residue Pt) to 814% (Resin-P i ) in the egested pasture soil, and were 23 relatively greater in the labile P i fractions (resin-P i and NaHCO 3 -P i ) than in the other P 24 fractions. In both savanna and pasture derived casts, about 60% of the increased P content 1 was found in P i fractions, 30% in P o fractions and 10% in the residual P t fraction. Most of 2 the total P increase in cast over soil was found in secondary (NaOH) P i and P o pools in both 3 savanna and pasture derived casts, with significant amounts entering stable P pools as well, 4 especially in the pasture casts. 5 Under laboratory conditions where the increase in total P content due to casting (11-17%) 6 was much smaller than in the field, increases in the sizes of P fractions ranged from 0% to 7 344% (Table 5 ). In the savanna soil casts, most of the added P was found in the secondary P 8 pools (20% NaOH-P i and 64% NaOH-P o ) whereas substantial amounts were also found in 9 the stable P and residual Pt pools in the pasture soil casts. The addition of green material 10 residues had no significant effect on either P i or P o fractions in the laboratory experiment, 11 neither in the soil nor in the casts. 12 The dynamics of labile pools of P in ageing casts is shown in Figures 1 and 2 Phosphorus incorporated into soil from "non-soil" sources may enter into all P fractions 19 (organic and inorganic) but the fractionation data indicate that a greater proportion entered 20 into labile P i fractions, particularly under field conditions (Tables 4 and 5) . It is not possible 21 to conclude that M. carimaguensis promoted the mineralization of organic P since the 22 proportion of P fractions in the substrate was unknown. However, the fact that under 23 laboratory conditions, where organic litter substrate was not provided (LE1) and where the 24 increase in total P due to casting was quite small, relatively large increases especially in the 1 secondary (NaOH-P i and -P o ) pool sizes accompanied by decreases in stable fractions 2 suggests that ingestion of the soil by the earthworm did promote movement of P from stable 3 to more labile P forms. Moreover, the relatively large increases observed in resin-P i in the 4 laboratory experiment, and in all labile fractions (H 2 O-P o , resin-P i , bic-P i and bic-P o ) in the 5 field experiment (all small pools), suggests some mineralization of less available P from 6 large more stable pools where relative changes would be difficult to detect. This would agree 7 with the interpretation that M. carimaguensis likely behaves as an endogeic (soil consumer) 8 rather than an anecic (soil + litter consumer) species in terms of feeding regimes (Mariani et   9 al., 2001). Since the addition of green material residues had no significant effect on either P i 10 or P o fractions in the casts produced in the laboratory experiment, the hypothesis that M. Although beginning with almost identical total soil P contents, casts produced in situ in the 14 B. decumbens and P. phaseoloides pasture had more than twice the total P content and 15 correspondingly higher P content in all fractions than casts produced from savanna soil 16 (Table 4) . This was probably due to higher biomass production, both aboveground and roots, species (Nasutitermitinae) colonize these compact casts and create channels and deposit 10 faecal pellets over its surface. When these casts finally split and smaller aggregates spread in 11 the soil surface, the nutrients that were preserved from further mineralization processes may 12 be released . Thus these surface casts represent a significant source of direct (Nasutitermitinae) species and the ants Atta laevigata and Acromyrmex landolti (Decaëns et   18 al., 2001) should be addressed in further studies. 19 The importance of M. carimaguensis activity in natural and introduced pastures on 20 incorporating P from organic sources into soil P pools, in increasing the labile P pools and 21 improving P cycling was demonstrated in our short-term studies under laboratory and field 22 conditions. The ecological significance of earthworms in P cycling in the native savanna and earthworms in soil quality improvement and fertility are still ignored. 5 Studies on the role that soil ecosystem engineers play in P dynamics in Neotropical savannas 6 are restricted to a few. Soil feeding termites can increase available P in their nests two or 
Laboratory Experiment
Native savanna Table 3 . Two-way analyses of variance (ANOVA) for phosphatase activity, microbial biomass P, pH, Bray-II P, Total P and Total C in soil and one day-old casts of M. 1 carimaguensis from incubation in the field. The F-ratios and error mean squares for each variable are indicated. Each test is significant at the Bonferroni corrected probability 2 level [overall probability / (n of variable x n of tests)] for overall significant levels of 0.05, 0.01, and 0.001. Table 4 . Phosphorus fractions in soil and fresh (1-day-old) casts of M. carimaguensis collected in the field from the native savanna and the intensive pasture Table 7 . Two-way ANOVA for the different P fractions analysed in control soil and incubated casts of M. carimaguensis in the laboratory. The F-ratios and error mean squares for each variable are indicated. Each test is significant at the Bonferroni corrected probability level [overall probability / (n of variable x n of tests)] for overall significant levels of 0.05, 0.01, and 0.001. 
